Abstract
Introduction
GaSb-based heterostructures have gained a lot of scientific interest owing to narrow band-gap properties 1) and high carrier mobility, 2−4) which make them suitable candidates for longwavelength light-emitting devices, 5−8) high-speed detectors, 9) and low-power consumption devices. A wide range of applications such as thermo-photovoltaic (TPV) devices, 10, 11) medical diagnostics, military scene projection, detection of gas pollution, 12, 13) as well as the new era of optical-fiber-based communications have been accomplished by the effectual use of antimony-based detectors and emitters.
To comply with the economical demand and also to exploit advanced device functionality with optimum characteristics, it is attractive and challenging to grow GaSb on a desirable matrix such as on inexpensive and well-established GaAs or Si substrates rather than on native substrates. Despite the considerable interest, the growth of GaSb epilayers on GaAs is fundamentally difficult due to the large (7.8%) lattice mismatch, resulting in structural defects such as threading dislocations. 14, 15) Innumerous studies have been carried out to minimize the strain and defects in the growth of highly lattice-mismatched materials by employing lateral overgrowth and thick metamorphic buffer. 16, 17) Recently, the periodic photoluminescence (PL) properties of GaSb QDs grown on GaAs by the Stranski-Krastanov and IMF growth modes. Although both ensembles showed room temperature PL, 19) the effect of the IMF growth mode on the improvement of the optical properties was not clear.
Therefore a more comprehensive study is required to understand the effect and influence of the interfacial misfits on the optical and carrier-thermo-dynamical properties of semiconductor heterostructures. In this paper, we prepared two GaSb/AlGaSb quantum well (QW) samples grown on (001) GaAs substrates. The two samples have the same structures except for the GaSb buffer and GaAs substrate heterointerface. One sample was grown with the IMF growth mode (hereafter designated as "QW-IMF") and the other was grown without IMF ("QW-No-IMF"). We show the measured results of the detailed optical properties such as the luminescence spectra, the luminescence quantum efficiencies, and the recombination lifetimes. We discuss the IMF effect by the comparison of the two samples from the viewpoints of the temperature and excitation-power dependences of these optical properties.
Sample Preparation and Measurement Setup
We studied two GaSb/Al 0.5 Ga 0.5 Sb QW samples grown on (001) GaAs substrates by molecular-beam epitaxy (MBE). One sample is grown by introducing the IMF arrays at the GaSb-buffer/GaAs heterointerface (QW-IMF), the details of which are presented distinctively elsewhere.
18) The other sample is grown directly on GaAs without the formation of IMF at the interface (QW-No-IMF). The key issue for the difference of the two samples is that GaSb buffer is grown on the Ga-stabilized GaAs surface in the former case and it is grown on the As-stabilized surface in the latter case. The schematic illustration of these sample structures of QW-IMF and QW-No-IMF is shown in Figs. 1(a) and 1(b), respectively. For both samples, the GaSb QW of 8 nm thickness is sandwiched by the 50 nm thick Al 0.50 Ga 0.50 Sb barrier layers and is capped by the 10 nm thick GaSb layer on top. Concerning the structural difference of the samples of QW-IMF and QW-No-IMF, the cross-sectional transmission electron micrograph images of the interface of GaSb/GaAs with IMF array and the interface when grown without IMF growth mode can be found in the related work. 25) Time-integrated PL measurements were performed using non-resonant continuous-wave (CW) excitation at the low average power density of 6 W/cm 2 using a frequency doubled Nd:YAG laser emitting at 2.33 eV (532 nm). For the temperature dependent PL spectroscopy a 75-cm monochromator with a 300 groves/mm grating and a liquid-Nitrogen-cooled InGaAs photodiode array detector were used.
Time-resolved PL spectroscopy was performed to investigate the temperature dependent carrier dynamics in the QWs. The ~5-ps optical pulses generated by a mode-locked Ti:Sapphire laser tuned at 1.59 eV (780 nm) with a repetition rate of 76 MHz were used for the excitation. A near-infrared streak camera (Hamamatsu C11293-01) combined with a 150-groves/mm monochromator was used for the detection of the time-resolved PL spectra with 20-ps time resolution.
Results and Discussion
The two QW samples with and without IMF showed qualitatively similar properties.
Therefore the measured results on the QW-IMF sample will be shown first and then the comparison with the QW-No-IMF sample will be discussed quantitatively.
3.1 PL characterization of QW-IMF sample
Time-integrate PL measurements
The temperature-dependent time-integrated PL measurements were performed on the QW-IMF under the low excitation power of 6 W/cm 2 and the measured spectra are shown in Fig.   2 (a). The PL emission peak was observed at the photon energy of 878 meV (1412 nm) at 10 K and the full width at half maximum was 23 meV. In the temperature range between 40 and 80 K, the PL emission peak showed an anomalous blue shift as shown by the close circles in 
28)
The spectrally integrated PL intensity is plotted in Fig. 2 where I 0 is the integrated PL intensity at 0 K, E a is the thermal activation energy, k is the Boltzmann constant, and T is the sample temperature in K. B is the dimensionless coefficient which is defined simply as the ratio of carrier capture time and carrier escape time related to non-radiative recombination processes. 29) For the QW-IMF, the best fit of Eq. (2) yields the activation energy of E a = 17 ± 3 meV and the corresponding coefficient of B = 303 ± 43.
Time-resolved PL measurements
To investigate carrier dynamics and thermally activated escape processes in the QW The temperature-dependent time-resolved PL measurements were also performed under the constant excitation power of 30 W/cm 2 , and the measured results are shown in Fig. 4(a) .
The temperature dependence of the ground state PL decay time constants derived with the method described above is plotted in Fig. 4(b) . The decay time constant of 1006 ps the low temperature of 4 K is drastically reduced for the higher temperature. The observed temperature dependence was fitted with the following equation Fig. 3(c) .
PL measurements of QW-No-IMF and comparison to QW-IMF
In order to study the effect of IMF on the optical quality of QWs grown above the heterointerface, we measured the sample with the same QW structure but without IMF, i.e., the sample QW-No-IMF. The time-integrated and time-resolved PL measurements were performed in the similar manner and we observed qualitatively similar results. Therefore we will focus on the quantitative differences between QW-IMF and QW-No-IMF.
The PL peak of QW-No-IMF at 10 K under the low excitation power of 6 W/cm 2 was observed at 879 meV (1410 nm) and is almost the same as that of QW-IMF. The measured temperature dependence showed the blue shift from 40 to 76 K in the same way as the one shown in Fig. 2(b) . The temperature dependence of the time-integrated PL intensity was measured and was fitted in the same way by using Eq. (2), which resulted in the activation energy of 14 meV. This is slightly smaller than that of 17 meV for QW-IMF (not displayed here). imply that the quantum efficiency in the QW-IMF sample is increased by the insertion of the strain relief IMF layer at the GaSb-buffer and GaAs heterointerface.
Discussion
From the comparison of the excitation power dependence of the excited-state recombination lifetime and the spectra under the same excitation condition, it is now clear that the QW structure prepared with the IMF growth mode exhibits more clear band filling effect by the reduction of defects that quench photo-generated carriers and therefore the IMF at the GaSb/GaAs interface improve the optical quality of the upper-grown semiconductor layers.
On the other hand the luminescence from the GaSb/AlGaSb QW is rapidly quenched and the ground-state recombination lifetimes are drastically shortened for the elevated temperature.
The mechanism is discussed below based on the above-measured activation energies.
Calculation of unstrained QW-IMF band structure based on PL measurements.
To study the relation of the measured activation energies and the QW structure, the QW subband energies are examined employing the known parameters such as semiconductor energy gaps and effective masses as well as the QW width and the measured optical transition energies. In the case of the QW-IMF, 98.5% of the strain is reported to be relieved with the insertion of the IMF arrays at the GaSb/GaAs interface. 18) Therefore no strain contribution was considered to calculate the GaSb/AlGaSb QW band structure grown on the strain- 
Carrier-escape mechanism and comparison between QW-IMF and QW-No-IMF
The above discussion indicated that the dominant PL quenching mechanism in the present QW structure is the hole leakage from the valence-band QW energy state to the barriers.
Generally speaking, carrier escape mechanisms are not limited to this case. The principal parameter is the ratio of , / E E a ∆ = ν 35−38) where E a is the activation energy of the escape process and ∆E is the energy difference between the transition energy of an emitting area and the neighboring higher energy states. When this ratio, ν is equal to 1, exciton escape to the barrier is dominant. When ν = ½, the carrier escape is in the form of correlated electron-hole pairs and this mechanism was observed with GaInP/AlGaInP QW, 35) InAs/GaAs QD, 36) InAs/InP QD, 37) and InAs/InGaAlAs QD. 38) This mechanism is probable when the band discontinuities both in the conduction and valence bands have relatively large values for carrier confinements. When ν < ½, single carrier escape mechanism dominates 36) and this is applied in the present GaSb/AlGaSb case. This is because of the band offset which is localized to the conduction band as is shown in Fig. 6 . 
Conclusions
We investigated GaSb/AlGaSb QW structure grown with and without IMF array at the GaSbbuffer/GaAs interface with time-integrated and time-resolved PL measurements. Our observation revealed that the QW grown with IMF showed brighter luminescence and band filling effect from the spectral measurements. The time-resolved PL measurements also showed the band filling effect for the QW prepared with the IMF growth mode. These results clarified that the optically active defect densities are substantially reduced with the IMF growth mode. However the luminescence was swiftly quenched for the elevated temperature.
This was attributed to the hole leakage from the GaSb well to the AlGaSb barriers. Therefore the IMF effect will be more clearly demonstrated when a heterostructrure with the higher band offsets is grown with the IMF growth mode. 
